Laboratory-determined permeability and compressibility data for natural fault gouge samples from the Median Tectonic Line (MTL) are presented and used to estimate hydraulic diffusivities in fault gouge zones. Bulk compressibility varies with effective pressure in a log-linear manner. Hydraulic diffusivity decreases significantly during the first isotropic loading partly due to a plastic compaction component, but does not significantly change during elastic unloading. Hydraulic diffusivity decreases with decreasing gouge grain size and is lowest in the very fine-grained centre of the fault zone, identified as the most recent principal displacement zone of the MTL. Previous models of fluid-controlled dynamic strength evolution during seismic slip are assessed using the data. The data suggest that the most recent principal displacement zone has a characteristic hydraulic diffusion length lower than the half width of the low-permeability zone. Hence pressurized fluid is unlikely to escape into the surrounding high-permeability fault rocks over the lifetime of an earthquake slip event, suggesting that thermal pressurization is likely to occur if the rupture plane is confined to the low-permeability gouge principal displacement zone.
Introduction
Shear zone fluid pressure has been highlighted in conceptual and theoretical models for the past 30 years or so as controlling fault strength changes during earthquake slip, and hence overall stress release during the earthquake (e.g. Sibson, 1973; Lachenbruch, 1980; Hickman et al., 1995) . However, there is still a great need to have data to constrain these models, especially because of the importance of such models in predicting earthquake magnitudes and reoccurrence times (e.g. Miller, 2002) . One of the most important parameters in such models is hydraulic diffusivity, which is controlled by the permeability and fluid-pore compressibility of the fault zone material, and by fluid viscosity. Indeed, in theoretical studies of the thermal pressurization model of slip weakening, Lachenbruch (1980) and Mase and Smith (1987) both identified permeability as being one of the most influential and uncertain physical parameters of fault zone materials at relevant depths.
Previous laboratory works on fluid flow properties of natural fault gouges have shown that fault gouge generally has a low permeability with a significant anisotropy in permeability (e.g. Chu et al., 1981; Morrow et al., 1981 Morrow et al., , 1984 Faulkner and Rutter, 2000) . Recently however, a few studies using well-defined structural context have encompassed other types of fault rocks and the general permeability structure of fault zones (Evans et al., 1997; Seront et al., 1998; Wibberley and Shimamoto, 2003) . These integrated studies have shown that gouge zones forming a fault 'core' tend to have permeabilities significantly lower than surrounding Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
'damage zone' fault rocks, notably cataclasites and zones of fractured protolith, in fault zones modelled by Caine et al. (1996) as being a dual conduit/barrier system. This simple model is consistent with observations on internal structure of the Nojima fault zone (e.g. Ohtani et al., 2001; Kobayashi et al., 2001) , laboratory-determined low permeability of Nojima gouge cores (Lockner et al., 2000; Mizoguchi et al., 2000) and high fault-parallel permeability determined from in situ water injection experiments (Tadokoro et al., 2001) in which water was probably migrating in the fracture damage zone. However, assessing the hydrodynamic behaviour of the core zone during rapid slip requires more detailed examination of the permeability and poro-elastic properties and their variations with effective pressure. This paper aims to present such an examination for the first time, with the additional constraint that the samples were collected from in and around a narrow principal displacement zone within a much wider core of a large fault zone (Wibberley and Shimamoto, 2003) .
The Median Tectonic Line Gouge Zone
The Median Tectonic Line is Japan's largest onshore fault ( Fig. 1(a) ) with a history of sinistral displacement dating back to the early Cretaceous (e.g. Ichikawa, 1980) . Ryoke terrain mylonites juxtaposed against Sambagawa terrain schists have yielded a variety of fault rocks at different temperatures and pressures during the deformation and exhumation history of the Median Tectonic Line (e.g. Takagi, 1986) . Miocene-onwards dextral reactivation has occurred on the Median Tectonic Line, but the fault is currently active only in Shikoku and the western part of the Kii Peninsula. Excellent exposure of the fault zone near Tsukide in western Mie Prefecture ( Fig. 1(b) ) shows that a significant portion of the fault rocks in the central 'core' zone are foliated gouges, derived from Sambagawa schist (Wibberley and Shimamoto, 2003) . At the contact with Ryoke-derived fault rocks, a 10 cm wide dextral slickenside-bounded planar zone of intensely sheared gouge termed 'central slip zone ' (Figs. 1(b) , (c)) cross-cuts all other structures, and is interpreted to represent the principal displacement zone of the most recent, possibly seismogenic, deformation. Previous work on the overall permeability structure of the fault zone from laboratory room temperature experiments (Wibberley and Shimamoto, 2003) has shown that gouges from the central slip zone have the lowest permeabilities of all the fault rocks. For the gouges, grain size correlates well with permeability, both of which decrease inwards systematically from the edge of the fault zone to the central slip zone (Table 1 ). All these gouges consist of a phyllosilicate matrixsupported quartz clast fabric, with both clast size and proportion varying considerably (Wibberley and Shimamoto, 2003) . The central slip zone gouges contain quartz clasts which are both very small and of low proportion relative to the clay matrix. The coarse foliated gouge has a high proportion of quartz clasts which are also much larger, almost providing a clast-supported framework. XRD work determined the matrix composition as being dominated by illite/muscovite, and no wetting clays were detected. The work described in this paper has determined not only permeability data of the gouges at and around the central slip zone in more detail than Wibberley and Shimamoto (2003) , but fluid storage and compressibility data as well, in order to estimate likely hydraulic diffusivities of the gouges. The gouge samples used in this study (Table 1) are located in the outcrop sketches (Figs. 1(b) , (c)), with the 'F-series' being black foliated gouges and very fine-grained slip zone gouge (F2 being the finest in the centre of the slip zone and F8 being the coarsest towards the edge of the fault zone), and coarse white gouge (Ba).
Experimental Methodology
The experiments described in this paper were performed using the high pressure deformation and fluid flow gas apparatus at Kyoto University. Samples were collected parallel to gouge foliation by hammering 25 mm internal diameter steel tubes (thinned to a wall thickness of about 0.5 mm) into the gouge outcrop and directly transferring them to polyolefin jackets stoppered with porous end pieces. The samples were oven dried at 80
• C to eliminate pore water, without removing structured water adsorbed onto clay mineral surfaces. After removing the stoppers, each of the samples was then placed between perforated brass spacers and further jacketed with the end pistons before being inserted into the pressure vessel of the gas rig.
Nitrogen gas was used both as a confining medium and a pore fluid. The samples were subjected to initial confining and pore fluid pressures of 20 MPa. The confining pressure (Pc) was then increased in steps up to a peak pressure of 200 MPa, and decreased in steps back to 20 MPa. During each confining pressure step, the change in pore volume of the sample was measured with a volumometer under 'drained' conditions. By assuming that the pore volume change ( V p) in the sample represented the entire volume change (i.e. that the mineral phases are relatively incompressible in comparison to the pores), pore volume change data were used to calculate total sample volumetric strain. At the beginning and end of each confining pressure step, the piston position at which incipient loading of the sample occurs ('hitpoint') was measured, and the difference taken as an estimate of the change in sample length during each confining pressure step. Axial strains were calculated from the piston displacement data. After each confining pressure step, permeability (k) and sample storage capacity (β c ) measurements were made using the oscillating pore pressure technique (Kranz et al., 1990; Fischer and Paterson, 1992) . In this way, a set of data was obtained for a complete confining pressure cycle for each sample. For the higher permeability samples (samples Ba, F8 and F5) some additional measurements were carried out at a pore pressure (Pp) of 30 MPa. Sample bulk framework compressibility (β b ) during each confining pressure step was calculated by finding the volume change per unit confining pressure increase, and dividing this by the sample volume at the start of the confining pressure step. This method only gives an 'average' compressibility over the Pc range of the step, which can be assumed to represent the compressibility at the median Pc of the step (Fig. 2) . Such compressibility data, not presented later, tend to show a loglinear relationship with Pc. In order to obtain compressibility values relating to the same confining pressure conditions as the oscillating pore pressure measurements, it was necessary to perform an extrapolation between two median compressibility values (e.g. extrapolating between β b A and β b B to obtain β b 2 in Fig. 2 ). Note that this extrapolation method means that no compressibility values can be calculated for the first or last confining pressure levels reached in a series of increasing Pc or decreasing Pc tests (e.g. at Pc1 and Pc4 in Fig. 2) .
The basic data obtained using the oscillating pore pressure technique on the fault gouge samples in this study are listed in Tables 2-7 . A sinusoidal oscillation of the upstream pore pressure generates a downstream oscillation, out-of-phase, and of smaller amplitude but identical frequency. The ratio, r , of downstream-to-upstream amplitudes, and the phase lag, φ, are used to calulcate two dimensionless parameters ψ and γ as described in Kranz et al. (1990) and Fischer (1992) . From these two dimensionless parameters, the permeability, k, and sample storage capacity, β c , can be eas-
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Step C ily calculated. Two ways of assessing the experimental errors in permeability and storage capacity measured with this method are by estimating the error in the measurements of r and φ, which depend largely on the output sensitivities of the measurement devices, and by statistical variation of repeated oscillation experiment data. In this study, the latter method is used. The lowest permeability measureable depends upon many variables including sample dimensions, downstream reservoir volume, the equilibrium pore pressure, the oscillation frequency and the sensitivity and signal-tonoise ratio of the downstream pore pressure oscillation measurement. The minimum permeability in this study with a minimum oscillating frequency of 0.001 Hz was approximately 3 × 10 −21 m 2 , but could be lowered if higher pore pressure or a lower downstream reservoir volume were used. Measurements approaching this value are prone to poorer reproducibility than others, hence have higher statistical errors. The maximum permeability measureable was about 3 × 10 −14 m 2 , using an oscillating frequency of up to 5 Hz, but with many of the higher-frequency oscillation experiments the measured phase lag was smaller than mathematically required to yield the dimensionless parameters ψ and γ . Fortunately, permeability is a function of ψ 2 γ which can be found from the approximation ψ 2 γ = 0.5(r −2 − 1) 0.5 over a limited range of ψ, γ . However, storage capacity can not be determined in such cases. In Tables 2-7 , where these cases occur, the ψ 2 γ value is shown in the ψ column, and the γ column is marked with a '-'.
Results
Firstly, data on length and volume changes during confining pressure changes are presented in the form of strains. Length strains of the sample axes are calculated from the length changes measured using the piston hitpoint method. Figure 3 (a) shows that axial strains measured in this way vary very little among the different gouge samples, from 5.2 to 6.2% shortening at Pc = 200 MPa. In each case, the sample did not recover its initial length upon deconfinement, and the data in Fig. 3(a) show significant permanent shortening with less than 50% recovery from peak strain. Volumetric strains were calculated by dividing the measured pore volume changes by initial total sample volume. This is not equivalent to pore volume strain, although related, because initial porosity could not be measured. With the assumption that the compressibility of the component minerals is negligible in comparison to that of the sample as a whole, these pore volume changes can also be used to calculate sample bulk compressibility (β b ). The volume strain data in Fig. 3(b) show a systematic trend between the amount of volume strain at any given pressure, and the location and grain size of the sample. The finest-grained gouge from the central slip zone (F2) shows the lowest volume strain whilst the coarsest gouge from close to the edge of the fault zone (F8) shows the highest volume strain. Bulk compressibilities calculated from these data (Fig. 4) show a drop of half an order of magnitude at the onset of Pc decrease, due to the fact that much of the volumetric strain during confinement is permanent, plastic strain. Compressibility data vary very little among the samples (Fig. 4) except towards the peak of the increasing Pc path where compressibility in the coarser gouges increases, probably due to the onset of intraclast fracturing (Zhu and Wong, 1997) . Indeed there seems to be a correlation between the distance of the gouge sample from the central slip zone (related to clast size and proportion), and both the compressibility at high pressure and the onset of rising compressibility. This suggests that coarse gouges become increasingly susceptible to intraclast fracturing as they become closer to clast-supported framework materials at high pressure.
The axial strain can be used to calculate the theoretical isotropic volumetric strain, for comparison with the actual (Fig. 3(c) ). The data show a reasonably strong 1:1 relationship for the coarser samples F8 and F5, but an increasingly poor correlation for samples that are progressively finer-grained and closer to the central slip zone, with sample F2 showing the biggest mismatch. The most likely reason for this is that this is due to the increasing anisotropy of compressibility with decreasing gouge grain size. In order to examine the effect of permanent compaction on properties subsequent to compaction more closely, a further experiment on a fresh sample of foliated gouge (F3xb) was performed in which three complete cycles of confining pressure were made. Figure 5 shows that after the first pressure cycle peak, later pressure cycling has only very small to negligible permanent effects. Hence the sample can be considered to deform elastically thereafter, provided that later Pc − Pp does not exceed this previous peak. This is also manifested in the compressibility data from this experiment (Fig. 5(c) ) which show relatively consistent values for later pressure cycles along with the deconfining portion of the first pressure cycle. The consistency in values for later pressure cycles, both during increasing and decreasing Pc, indicates elastic behaviour. The fact that compressibility is not constant means that the sample is behaving in a non-linear elastic manner. The higher compressibility values for the confining part of the first Pc cycle therefore reflect the additional input of plastic deformation during initial compaction. An interesting effect of hysteresis is shown (Figs. 5(a), (b) ), noticed previously in fracture contact experiments (e.g. Scholz and Hickman, 1983) and evident in permeability measurements during pressure cycling (e.g. Morrow et al., 1986) . Such hysteresis is reflected in anomalously low values for the first compressibility measurement in a series of increasing Pc or decreasing Pc steps.
Permeability data (Fig. 6(a) ) show a large variation among the different samples, with the gouge from the central slip zone (F2) having a much lower permeability than the other samples. Of the F-series gouges, the coarsest (F8) has the highest permeability, although the coarse white gouge (Ba) derived from Ryoke cataclasites on the other side of the fault core has an even higher permeability. The samples show 3 to 5 orders of magnitude permeability reduction as confining pressure is increased up to 200 MPa. In each case the pressure sensitivity of permeability decreases as pressure (compaction) increases. This is most obvious for the very fine gouge (sample F2) from the central slip zone which has very high pressure sensitivities in the early stages, possibly due to the repair of cracks and foliation partings induced by artificial sample damage (Wibberley and Shimamoto, 2003) . A full description of hydrodynamic properties includes the hydraulic diffusivity (D h ), which is related to the permeability (k) and storage capacity per unit sample volume (β c ) in the following way:
where η is the fluid viscosity. Storage capacity is defined as the change in the volume of pore fluid held in the system due to a unit fluid pressure change, and was measured along with permeability using nitrogen as a pore fluid. In poroelasticity theory, storage capacity is related to porosity (n) and the compressibilities of the fluid (β f ), mineral grain (β s ) and sample bulk framework (β b ) by the following relationship, assuming that an equal change in both confining and pore pressures (i.e. zero change in Pc − Pp) results in no porosity change:
The measured storage capacity is partly a reflection on fluid compressibility. In order to correct our measurements for the case of water storage, we firstly calculate the theoretical porosity from the measurements of storage capacity as in Eq. (2). It must be stressed that the use of Eq. (2) assumes that all constituent minerals have the same compressibility (β s ), which may not strictly be true for rocks containing both quartz and phyllosilicates (Green and Wang, 1986) . Published nitrogen compressibility (β f ) data (at room temperature and Pp = 20 MPa, β f = 4.32 × 10 −8 Pa −1 ), a value of 1.2 × 10 −11 Pa −1 for compressibility of mica (β s ) independent of pressure (Birch, 1966) and the bulk framework compressibility data (β b ) (Fig. 3) are used. Porosities calculated in this way are in the order of 5-10% at low pressure, decreasing to 0.1-1.5% at high confining pressure. Ongoing work is being carried out to adapt the gas rig for direct porosity measurements for comparison. Storage capacity of the sample in a gouge-water system is then calculated simply from Eq. (2) with the appropriate water compressibility data and the values of β s and β b used previously. From this and the permeability data ( Fig. 6(a) ), hydraulic diffusivities are calculated using Eq. (1) with the room temperature viscosity of water (Fig. 6(b) ). The variation in hydraulic diffusivity among the samples is similar to that of permeability because compressibility does not vary much among the samples. However, unlike the permeability, the hydraulic diffusivities remain constant or even decrease along the decreasing Pc path (Fig. 6(b) ), because of the increase in measured compressibility as confining pressure decreases. The drop of half an order of magnitude in compressibility at the onset of decreasing Pc causes the calculated hydraulic diffusivity to be higher than at the end of the increasing Pc path. This is thought to be because the measured compressibility contains a significant plastic component as Pc increases to a peak for the first time, but behaves elastically after the peak (see discussion in Subsection 5.1). The hydraulic diffusivity values calculated for the decreasing Pc paths are therefore thought to be closer to representing true poro-elastic hydraulic diffusivities. It should be noted that the values of permeability and hydraulic diffusivity on the deconfining path will be dependent on the peak value of confining pressure experienced by the sample (Zhang and Cox, 2000; Wibberley and Shimamoto, 2003) . A fault gouge subjected to a lower confining pressure (at the same pore fluid pressure) will not compact as much and therefore will exhibit higher permeabilities and hydraulic diffusivities during deconfinement than a sample subjected to a higher peak confining pressure.
Discussion and Implications for Slip Processes
5.1 Applicability of the measurements to hydraulic diffusivity of gouge-water systems Two problems with applying the measurements presented in this paper to estimate the hydraulic diffusivity of fault gouge are the effect on measured gouge permeability of using nitrogen gas rather than water, and the use of the compressibility data obtained over finite strain intervals to estimate the elastic pore strain compressibility. Klinkenberg (1941) found that using different gases as pore fluids resulted in different permeabilities, whereas using different liquids did not. This 'Klinkenberg effect' was ascribed to a phenomenon of loss of continuity between pore walls and the adjacent gas molecules, unlike for liquids which are stationary at the walls. Using gas permeability will result in higher flow rates than predicted by Darcy's law and therefore provide an overestimate of the permeability of a porous medium with water as the pore fluid. A calculation for the case of nitrogen at a pore pressure of 20 MPa has shown that the Klinkenberg effect will lead to this overestimate being less than 10% (Wibberley and Shimamoto, 2003) . Nevertheless, comparing permeability measurements on naturally dry non-swelling clay gouges (illite/muscovite) using argon gas and water showed that water permeability is typically one order of magnitude lower than gas permeability (Faulkner and Rutter, 2000) . After reviewing possible permeabilityreducing mechanisms for the case of water, Faulkner and Rutter (2000) suggested that structured water adsorbed on to the surface of the clay minerals could reduce the pore throat apertures sufficiently to cause the observed permeability reduction. The Median Tectonic Line gouge samples must have been saturated with water in situ, and drying the gouge at 80
• C prior to the experiments was intended to eliminate the free pore water but not the adsorbed water on the clay mineral surfaces. Although it is difficult to check this, it is assumed that the permeability data reported here are comparable to the permeability of a water-saturated clay gouge, because a water-saturated clay gouge will also have such adsorbed water. An interesting point to be made here is that the coarser gouges, which exhibited higher permeabilities than the finer gouges ( Fig. 6(a) ), are also the clay-poor gouges and contain higher proportions of quartz microclasts. Thus although the impact of grain size on measured permeability is likely to be important, the effect of mineralogy should also be taken into account due to the preference of this structured water for clay minerals.
The calculations of hydraulic diffusivity also rely on a valid application of the compressibility data to the watersaturated gouge pore storage system. The compressibility of the gas-saturated gouge was measured over finite strain intervals, corresponding to confining pressure steps of typically 25 MPa or more. During the first confining pressure cycle, increasing confining pressure led to both an elastic (recoverable) and a plastic (irrecoverable) component to the volumetric strain as demonstrated by the resulting permanent strain at the end of the pressure cycle (Fig. 3) . Thus the calculated compressibility, related to the finite strain, will be significantly higher than the elastic compressibility. In elastic-plastic theory of soil mechanics based on experimental data (e.g. Wood, 1990), a clay or sand aggregate deforms elastically initially upon loading, but reaches a yield point beyond which plastic deformation occurs. If the load is totally removed somewhere beyond the yield point, elastic recovery occurs so that the remaining strain is the plastic component. Upon re-loading, the sample will deform elastically up to the previous peak stress state (which will act as the new yield point), and then plastically beyond this point. The yield point of the gouges was probably initially very low, but after confinement the new yield point will have been at a pressure (Pc − Pp) of 180 MPa, because this was the peak pressure to which each gouge sample was subjected. Hence all the compressibilities calculated for the confining part of the first pressure cycle will result from both elastic and plastic components of strain, whereas those calculated for the deconfining part will be elastic compressibilities only. This explains why the compressibilities measured during deconfinement are approximately half an order-of-magnitude lower than during initial confinement-the difference being the plastic component of strain in the compressibility calculation. A check on the later behaviour was made by pressure cycling over three cycles (Fig. 5) . The compressibility data ( Fig. 5(c) ) were found to be consistent from cycle to cycle, and independent of whether the path was of increasing Pc or decreasing Pc. This repeat behaviour indicates elasticity, but the fact that compressibility is still dependent upon pressure demonstrates that the sample behaviour is non-linearly elastic. This is important for the translation of the gouge 'bulk' or 'matrix' compressibility into the calculation of hydraulic diffusivity for the case of a water-saturated gouge, because such a calculation is valid only for poro-elastic behaviour.
Indeed, the oscillating pore pressure experiments used to determine storage capacity were performed under small mean effective stress changes in which elastic, infinitesimal strain was occurring. For the cases of measurements performed during the decreasing Pc part of the pressure cycle, compressibility measurements are elastic compressibilities, and are therefore directly applicable to the calculation of hydraulic diffusivity (Fig. 6(b) ). For the measurements on the increasing Pc path in which a combined elastic-plastic compressibility has been used however, a compressibility value higher than the elastic matrix compressibility will have been used, resulted in underestimates of hydraulic diffusivity. Is it difficult to determine exactly the true elastic contributions to the compressibilities calculated in the experiments, so that a correction in the calculation of hydraulic diffusivies was not possible. However, the comparison between compressibilities during Pc increase in the first pressure cycle, and those from the decreasing Pc path and later pressure cycles, gives an impression of the impact of the plastic component on the first cycle increasing Pc compressibility data ( Fig. 5(c) ).
5.2
The hydromechanical response of slip zone gouge during fluid pressurization The data presented in this paper show that the very fine gouge from a 10 cm wide principal displacement zone in the centre of the Median Tectonic Line fault core has a room temperature hydraulic diffusivity of around 1 × 10 −7 to 4 × 10 −7 m 2 s −1 after compaction to Pc − Pp values of 80 MPa and above. The properties of surrounding gouges, even ones adjacent to this principal displacement zone such as sample Ba, suggest much higher hydraulic diffusivities, typically 5 × 10 −6 to 5 × 10 −4 m 2 s −1 . This section considers the implications of such hydraulic diffusivity data for models of fluid-controlled slip processes, particularly thermal pressurization. During earthquake slip, frictional heating of the pore fluid will cause a combination of three possible endmember responses: thermal expansion of the fluid resulting in expansion of the pores, thermal expansion of the fluid resulting in drainage out of the heated zone, and pressurization of the fluid if trapped within the pores of the heated zone. If thermal pressurization of the fluid occurs, the consequent reduction in effective normal stress could result in dramatic slip weakening (Sibson, 1973) . Measured elastic compressibility values suggest that pore compressibility will be less than the compressibility of water at room temperature (β f = 4.277 × 10 −10 Pa −1 ). Furthermore, fluid compressibility increases with temperature, so pores will certainly be less compressible than the water as it heats up. Poro-elastic expansion (the first of the three end-member responses) is therefore considered unlikely. The likelihood of thermal pressurization acting as a slip-weakening mechanism therefore balances on the relationship between the rate of frictional heating, and the rate at which a consequent fluid pressure pulse will be dissipated by fluid drainage from the heated zone. A first approximation is given by considering the undrained case. The decrease in effective normal stress on the fault can be calculated by considering the fluid pressure increase due to thermal expansion. For a thermal expansivity of water, α t , of 1.5 × 10 −3 K −1 , the fractional change in water density ( ρ w /ρ w ) due to a 30
• C temperature rise, for example, will be 0.045. The rise in fluid pressure of the Hydraulic diffusivity data derived using room temperature viscosity as discussed in the text. Error bars represent the added errors from permeability and from storage capacity measurements.
water, P w can be found as:
Assuming a compressibility of water of 4.3 × 10 −10 Pa −1 the fluid pressure rise and consequent drop in effective normal stress is then 106 MPa.
For the fluid drainage problem, a simple calculation of the rate of fluid pressure dissipation from the centre of a low-permeability zone (half − width = x) to both edges is done as follows. This is provided only as a brief illustration of the use of fault zone hydraulic property data, and the reader is referred to recent modelling work for more rigorous solutions incorporating the frictional heating aspects of the problem (e.g. Vardoulakis, 2001; Andrews, 2003) in addition to the references provided in the introduction. From Darcy's law, the rate of fluid flux through an area A is expressed in terms of fluid pressure excess ( P w ) as:
The rate volume loss of fluid from the centre of the zone, in both directions, is 2q. Given that the material around the very fine gouge slip zone of the Median Tectonic Line has much higher hydraulic diffusivity values, it is assumed here that this adjacent material will act in a drained manner. This is not necessarily the case, so the limits on thermal pressurization of the slip zone pore fluid here provide a conservative estimate for the conditions required for thermal pressurization. One condition on the occurrence of effective thermal pressurization is therefore that the hydraulic diffusion length be significantly smaller than the half-width of the low-permeability slip zone. The hydraulic diffusion length scale, or distance of propagation of a fluid pressure front d h from a heat source at time t, can be related to the hydraulic diffusivity as (Lachenbruch, 1980) :
suggesting that over a 10 s period a fluid pressure front will propagate approximately 2 mm in each direction from the source (using D h = 1 × 10 −7 m 2 s −1 for the very fine gouge slip zone). Given that the central slip zone is approximately 10 cm wide, although it does vary laterally along the outcrop examined, it is unlikely that the fluid pressure front will propagate beyond the low permeability slip zone during a rapid slip event.
The rate of pressure drop (d P w /dt) due to the fluid escape is:
where nV is the pore volume in the central heated zone. If an approximation is used whereby the volume of the central slip zone (per unit length of fault) is considered to be that of the whole low-permeability zone, then V = Ax so that Eq. (6) can be simplified:
The pore compressibility is thought to be sufficiently lower than the fluid compressibility (Subsection 5.1) that a second approximation can be made, that the storage capacity is close to that due only to the compressibility of the fluid, so that Eq. (2) can be modified:
and by substituting Eq. (8) into Eq. (7), a simple determination of the rate of fluid pressure loss is given:
The relationship in Eq. (9) is shown in Fig. 7(a) , for the case of room temperature hydraulic conductivity (line 1). The impact of viscosity temperature-dependence on gouge hydraulic diffusivity for sample Fx2b, extrapolating from the room temperature case (deconfining pathway data in Fig. 6(b) ), (curve A), and one order of magnitude higher, supposing this to represent gouge permeability once the structured water on clay grain surfaces has been driven off (curve B). The dashed line represents a possible real dependence of hydraulic diffusivity on temperature, taking both of these effects into account.
Likely hydrodynamic behaviour of slip zone gouge at elevated temperatures
This section discusses the impact of two consequences of heating on the hydrodynamic properties of the gouge. Firstly, the increase in temperature of the pore water will decrease its viscosity (Fig. 7(b) ), resulting in the hydraulic diffusivity in the slip zone being higher at higher temperatures. From the room temperature calculations of hydraulic diffusivity (Fig. 6(b) ), the corresponding higher temperature hydraulic diffusivities can be calculated from known water viscosity values. Unlike the effect of temperature, fluid pressure does not alter viscosity much, and is not considered here. Figure 7(c) (curve A) shows the increase in hydraulic diffusivity with temperature due to this decrease in water viscosity. Secondly, the structured water present on the surface of the clay grains in the gouge below approximately 120
• C contributes to the relatively low permeability of clay rich gouges. Above this temperature, the structured water films may be driven off. Although the effect of this on water permeability has never been monitored at such temperatures, comparison of gas permeability data for naturally dry clayrich gouges with water-saturated permeabilities suggests that permeability will increase by approximately 1 order of magnitude if the structured water layers are not present (Faulkner and Rutter, 2000) . Removal of the structured water at 120
• C would cause an increase in hydraulic diffusivity of one order of magnitude at this temperature (curve B, Fig. 7(c) ).
The effect that these phenomena have on the dynamic slipweakening effect during an earthquake depends upon the temperatures to which the water-saturated gouge is heated. In the case of a low permeability slip zone, Mase and Smith (1987) showed that the temperature rise would never be more than 20-50
• C because initial thermal pressurization would decrease effective normal stress sufficiently to dramatically lower the rate of frictional heating. In such a case, the sequence of processes frictional slip → heat generation → pore water pressurization → reduction in friction and rate of heating is occurring on the fault, and the frictional temperature pulse is self-arresting. The impact of temperature on fluid viscosity, and therefore hydraulic diffusivity and the feasibility of thermal pressurization, is likely to be due to the initial ambient temperature more than by temperature rise. Hence the depth must be taken into consideration in calculations of the fluid pressure dissipation. An example is shown on Fig. 7 (a) (line 2) of fluid pressure dissipation rate at a temperature of 210
• C (corresponding to a depth of 7 km at a temperature gradient of 30
• C/km). 5.4 Additional limitations provided by the constraints of fault zone structure The gouge samples studied in this work were cored parallel to foliation. Data in Wibberley and Shimamoto (2003) show that at Pc − Pp = 80 MPa on the confining path, permeability perpendicular to foliation was more than one order of magnitude lower than permeability parallel to foliation. Similar anisotropy in permeability of clay gouges has been demonstrated in other works (e.g. Faulkner and Rutter, 1998) . The estimates of gouge hydraulic diffusivity presented in this paper are therefore likely to be one order of magnitude higher than in situ hydraulic diffusivities perpendicular to the slip zone. The findings rely on propagation of slip only in the central slip zone gouge, which has sufficiently low permeability and hydraulic diffusivity for thermal pressurization to initiate. Outcrop observations of complex fault core zones (e.g. Wibberley and Shimamoto, 2003) suggest that ruptures can propagate obliquely or branch off a pre-existing slip plane in certain cases, and fault zone com-plexity must be taken into consideration. If such a lowpermeability zone is not laterally continuous, or the rupture plane propagates into another type of fault rock (such as at an asperity or point of interaction between a minor fault and the main slip plane), then fluid pressure may be released before effective pressurization can occur. A point where the slip plane propagates into coarser gouge or fractured cemented fault rocks in the wall rock to the principal displacement zone will experience higher fluid pressure dissipation rates. This is exemplified by line 3 in Fig. 7(a) , using data on coarse gouge hydraulic diffusivity from sample Ba. A final point is that the state of the gouge zone may change through geological time, leading to different hydromechanical deformation mechanisms being favoured. Reworking of a gouge at a shallower conditions to its original depth of generation may create a greater porosity, thereby leading to fluidization. Overprinting of textures suggesting different hydromechanical mechanisms has recently been identified in gouge from the Nojima fault (Otsuki et al., 2003) further underlining the importance of considering the deformation history of the gouge in understanding the hydromechanical behaviour of the fault.
Summary
This study investigates the laboratory fluid flow properties of fault gouges to find that: 1) Hydraulic diffusivity of the very fine clay gouge from the principal displacement zone of the MTL is around 1 × 10 −7 m 2 s −1 if subjected to a peak Pc − Pp of 180 MPa at room temperature.
2) A fluid pressure pulse created by rapid frictional heating will remain trapped in the low-permeability slip zone, provided the gouge was initially at a pressure difference Pc − Pp of at least several 10 s of MPa.
3) The trapped fluid pressure pulse will not cause pore dilation, but instead the rising fluid pressure will lead to a decreasing effective normal stress, resulting in a lower shear strength.
4) This process of dynamic shear strength reduction during earthquake slip could ultimately be limited by propagation of the rupture front into a high-permeability adjacent fault rock, such as at an asperity or branch point, leading to high dissipation rates of the excess fluid pressure.
